Abstract: Uncertainty commonly exists in the wireless power transfer (WPT) systems for moving objects. To enhance the robustness of the WPT system to uncertain parameter variations, a modified WPT system structure and an interval-based uncertain optimization method are proposed in this paper. The modified WPT system, which includes two Q-type impedance matching networks, can switch between two different operating modes. The interval-based uncertain optimization method is used to improve the robustness of the modified WPT system: First, two interval-based objective functions (mean function and variance function) are defined to evaluate the average performance and the robustness of the system. A double-objective uncertain optimization model for the modified WPT system is built. Second, a bi-level nested optimization algorithm is proposed to find the Pareto optimal solutions of the proposed optimization model. The Pareto fronts are provided to illustrate the tradeoff between the two objectives, and the robust solutions are obtained. Experiments were carried out to verify the theoretical method. The results demonstrated that using the proposed method, the modified WPT system can achieve good robustness when the coupling coefficient, the operating frequency, the load resistance or the load reactance varies over a wide range.
Introduction
In recent years, wireless power transfer (WPT) for moving objects using coupled magnetic resonance (CMR) has become a hot research topic, such as WPT for portable electronic devices and moving electric vehicles [1] [2] [3] . Unlike WPT systems for stationary objects, there are many uncertain parameters in the WPT systems for moving objects. For example, because users prefer to move the receiver freely, the distance between the transmitter and receiver coils is uncertain [4, 5] . In addition, the magnetic field of the dynamic charging system is prone to interact with the objects around it, such as metal materials, and electromagnetic devices, etc. These external uncertain factors will change the impedance parameters of the circuit and make the resonance frequency of the system uncertain [6, 7] . Moreover, the load impedance of the WPT system will be influenced by many uncertain factors, including environmental change, and load switching, etc. [8] [9] [10] The load impedance variations will also bring uncertainty to the WPT system.
As we know, the efficiency and output power of the WPT system will be maximized if the system satisfies the optimal impedance matching condition [11] . However, the uncertain parameter variations Figure 1 shows the structure of a WPT system using CMR. A power source is used to supply high-frequency power to the transmitter coil. The power is transmitted from the transmitter coil to the receiver coil through magnetic coupling. A load is used to consume the power received by the receiver coil. Two tuning and impedance matching circuits are used to compensate the reactive power in the WPT system. In this paper, the following uncertain parameters are mainly investigated: First, the coupling coefficient k between the transmitter and receiver coils is one uncertain parameter. As shown in Figure 1 , the receiver coil movement may lead to lateral, longitudinal, and angular displacements between the coils. The influence of the coil displacements on the WPT system is reflected in the change of the coupling coefficient.
Modeling and Analysis of the WPT System with Uncertainty

Uncertain Parameters in the WPT System
Second, the operating frequency f is another uncertain parameter in the WPT system. Some uncertain factors, such as external objects, etc., will change the inherent frequency of the WPT system. To achieve resonance, the operating frequency should dynamically change according to the inherent frequency variation of the circuit. Third, the load impedance L Z is another uncertain parameter in the WPT system. In many practical applications, the load is not a pure resistance but a complex impedance. The load resistance L R and the load reactance L X will change dynamically with temperature rise, load switching, and many other uncertain factors.
Modeling of the WPT System
To analyze the effects of uncertain parameters on the WPT system performance, a cascade two-port network model of the WPT system is proposed. As shown in Figure 2 , the WPT system is divided into five parts: The power source, the two-port network I, the two-port network II, the two-port network III, and the load. The port voltages and currents and the transmission parameters of the two-port networks are used to analyze the WPT system. In this paper, the following uncertain parameters are mainly investigated: First, the coupling coefficient k between the transmitter and receiver coils is one uncertain parameter. As shown in Figure 1 , the receiver coil movement may lead to lateral, longitudinal, and angular displacements between the coils. The influence of the coil displacements on the WPT system is reflected in the change of the coupling coefficient.
Second, the operating frequency f is another uncertain parameter in the WPT system. Some uncertain factors, such as external objects, etc., will change the inherent frequency of the WPT system. To achieve resonance, the operating frequency should dynamically change according to the inherent frequency variation of the circuit.
Third, the load impedance Z L is another uncertain parameter in the WPT system. In many practical applications, the load is not a pure resistance but a complex impedance. The load resistance R L and the load reactance X L will change dynamically with temperature rise, load switching, and many other uncertain factors.
To analyze the effects of uncertain parameters on the WPT system performance, a cascade two-port network model of the WPT system is proposed. As shown in Figure 2 , the WPT system is divided into five parts: The power source, the two-port network I, the two-port network II, the two-port network III, and the load. The port voltages and currents and the transmission parameters of the two-port networks are used to analyze the WPT system. Figure 1 shows the structure of a WPT system using CMR. A power source is used to supply high-frequency power to the transmitter coil. The power is transmitted from the transmitter coil to the receiver coil through magnetic coupling. A load is used to consume the power received by the receiver coil. Two tuning and impedance matching circuits are used to compensate the reactive power in the WPT system. In this paper, the following uncertain parameters are mainly investigated: First, the coupling coefficient k between the transmitter and receiver coils is one uncertain parameter. As shown in Figure 1 , the receiver coil movement may lead to lateral, longitudinal, and angular displacements between the coils. The influence of the coil displacements on the WPT system is reflected in the change of the coupling coefficient.
Modeling and Analysis of the WPT System with Uncertainty
Uncertain Parameters in the WPT System
Modeling of the WPT System
To analyze the effects of uncertain parameters on the WPT system performance, a cascade two-port network model of the WPT system is proposed. As shown in Figure 2 , the WPT system is divided into five parts: The power source, the two-port network I, the two-port network II, the two-port network III, and the load. The port voltages and currents and the transmission parameters of the two-port networks are used to analyze the WPT system. The two-port network II includes the transmitter and receiver coils. The input and output characteristics of the two-port network II can be described as:
where U T and I T are the voltage and current at Port 2, U R and I R are the voltage and current at Port 3.
A II , B II , C II , D II are the transmission parameters the two-port network II, which can be calculated as:
where L T and L R are the inductances of the transmitter coil and the receiver coil respectively, R T and R R are the resistances of the transmitter coil and the receiver coil respectively, k is the coupling coefficient between the coils, and ω is the angular operating frequency.
Tuning and Impedance Matching Circuits
The two-port network I includes the tuning and impedance matching circuit at the transmitter-side. The two-port network III includes the tuning and impedance matching circuit at the receiver-side. The input and output characteristics of each can be described as:
where U S and I S are the voltage and current at Port 1, U L and I L are the voltage and current at Port 4. A I , B I , C I , D I and A III , B III , C III , D III are the transmission parameters of the two-port network I and the two-port network III, respectively. There are many types of tuning and impedance matching circuits for the WPT system [24, 25] . Table 1 shows the topologies and transmission parameters of some commonly used circuits, in which X n (n = 1, 2, · · ·) is a reactive power compensation unit, like a capacitor or an inductor. The two-port network II includes the transmitter and receiver coils. The input and output characteristics of the two-port network II can be described as: 
where T L and R L are the inductances of the transmitter coil and the receiver coil respectively, T R and R R are the resistances of the transmitter coil and the receiver coil respectively, k is the coupling coefficient between the coils, and  is the angular operating frequency.
The two-port network I includes the tuning and impedance matching circuit at the transmitter-side. The two-port network III includes the tuning and impedance matching circuit at the receiver-side. The input and output characteristics of each can be described as: There are many types of tuning and impedance matching circuits for the WPT system [24, 25] . Table 1 shows the topologies and transmission parameters of some commonly used circuits, in which ( 1,2, ) n X n   is a reactive power compensation unit, like a capacitor or an inductor. The two-port network II includes the transmitter and receiver coils. The input and output characteristics of the two-port network II can be described as: 
The two-port network I includes the tuning and impedance matching circuit at the transmitter-side. The two-port network III includes the tuning and impedance matching circuit at the receiver-side. The input and output characteristics of each can be described as: There are many types of tuning and impedance matching circuits for the WPT system [24, 25] . Table 1 shows the topologies and transmission parameters of some commonly used circuits, in which ( 1,2, ) n X n   is a reactive power compensation unit, like a capacitor or an inductor. Table 1 . Some commonly used tuning and impedance matching circuits. The overall WPT system is the cascade system of the power source, the two-port network I, the two-port network II, the two-port network III, and the load. The input and output characteristics of the overall WPT system can be described as:
Type Topology Transmission Parameters
where A, B, C, D represent the transmission parameters of the overall WPT system, which can be calculated as:
Based on Equation (4), the input and output impedances of the WPT system can be calculated.
where R S is the source internal resistance. Z L is the load impedance, which usually includes a resistance part R L , and a reactance part X L . A matching factor Z is defined to evaluate the impedance matching status of the system.
where R * S and Z * L are the conjugate values of R S and Z L . If Z = 0, the WPT system can achieve dual-side conjugate impedance matching.
The source output power can be calculated as:
where V 0 is the source voltage, R in is the real part of the input impedance Z in . The power delivered to the load can be calculated as:
In previous studies [26] [27] [28] , the transmission efficiency η T was defined as the ratio of the load power to the source output power.
However, the transmission efficiency η T cannot reflect the load power level. Because the source output power P S is uncertain, the load power P L can be low even if the transmission efficiency η T is high.
To solve this problem, the system efficiency η S is defined in this paper. It refers to the ratio of the load power to the maximum source output power. where P S−max is the maximum source output power, which can be calculated as:
By substituting Equations (6), (9), and (12) into Equation (11), the system efficiency η S can be obtained.
The system efficiency η S can reflect the utilization ratio of the maximum extractable power from the WPT system. If the system efficiency η S is high, both the transmission efficiency η T and the load power P L will be high.
Analysis of the Uncertain Parameters
In this paper, the system efficiency is used to evaluate the performance of the WPT system. The effects of uncertain parameters on the system efficiency are analyzed using numerical simulations. The series-series (SS) compensated WPT system (which is one of the most commonly used structures [29] [30] [31] ) is chosen to carry out the analysis. The simulation parameters are shown in Table 2 . Based on Equations (7) and (13), the matching factor and the system efficiency can be calculated. Table 2 . Simulation parameters of the SS compensated WPT system.
Certain Parameter Value
Source resistance R S 50 Ω Coil resistances R T , R R 1 Ω Coil inductances L T , L R 30 µH Series Capacitors C T , C R 211 pF
Uncertain Parameter Variation Range
Coupling
To simplify the analysis, only one uncertain parameter is varied at a time. When the coupling coefficient k, the operating frequency f , the load resistance R L or the load reactance X L varies, the calculated system efficiencies (blue solid line) and matching factors (red dashed line) are shown in Figure 3a -d, respectively. It can be observed that the system efficiency increases at first and then decreases with the increase of the uncertain parameter. On the contrary, the matching factor decreases at first and then increases with the increase of the uncertain parameter. The highest system efficiency can only be achieved when Z = 0.
The simulation results show that: (1) The system efficiency of the SS compensated WPT system is very sensitive to uncertain parameter variations; (2) the system efficiency can be maximized only when the WPT system achieves dual-side conjugate impedance matching (Z = 0). 
Interval-Based Uncertain Optimization Method for the WPT System
A Modified WPT System Structure
To enhance the robustness of the WPT system to uncertain parameter variations, a modified WPT system structure is proposed. As shown in Figure 4 , it consists of a power source, a transmitter coil, a receiver coil, a complex load, and two Q-type impedance matching networks. The Q-type impedance matching network at the transmitter-side includes two compensation inductors ( 1 2 , L L ) and three compensation capacitors ( 1 2 3 , , C C C ). Similarly, the Q-type impedance matching network at the receiver-side includes two compensation inductors ( 3 4 , L L ) and three compensation capacitors ( 4 5 6 , , C C C ). There are two single pole double throw switches ( T S and R S ) 
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Interval-Based Uncertain Optimization Method for the WPT System
A Modified WPT System Structure
To enhance the robustness of the WPT system to uncertain parameter variations, a modified WPT system structure is proposed. As shown in Figure 4 , it consists of a power source, a transmitter coil, a receiver coil, a complex load, and two Q-type impedance matching networks. The Q-type impedance matching network at the transmitter-side includes two compensation inductors ( 1 2 , L L ) and three compensation capacitors ( 1 2 3 , , C C C ). Similarly, the Q-type impedance matching network at the receiver-side includes two compensation inductors ( 3 4 , L L ) and three compensation capacitors ( 4 5 6 , , C C C ). There are two single pole double throw switches ( T S and R S ) The Q-type impedance matching network at the transmitter-side includes two compensation inductors (L 1 , L 2 ) and three compensation capacitors (C 1 , C 2 , C 3 ) . Similarly, the Q-type impedance matching network at the receiver-side includes two compensation inductors (L 3 , L 4 ) and three compensation capacitors (C 4 , C 5 , C 6 ). There are two single pole double throw switches (S T and S R ) in
the Q-type impedance matching networks. As shown in Figure 4 , S T can switch between point 1 and point 2, and S R can switch between point 3 and point 4.
The modified WPT system has two operating modes. The single-pole double-throw switches are used to switch the operating mode of the system. Table 3 shows the states of the switches (S T and S R ) and the transmission parameters of the Q-type impedance matching networks at different operating modes. 
The modified WPT system has the following advantages: First, traditional WPT systems, such as SS compensated and parallel-parallel compensated WPT systems, only have a narrow impedance matching range. Therefore, some uncertain parameter changes cannot be compensated [32] . Compared with traditional WPT systems, the modified WPT system has more compensation components and a wider impedance matching range. To compensate the uncertain parameter changes, the impedance of the modified WPT system can be translated to any optimal impedance. Second, the modified WPT system has two different operating modes. Each operating mode can be used to address a different variation range of the uncertain parameters. To obtain stable system efficiency, the modified WPT system can switch from one operating mode to the other mode using the single-pole double-throw switches.
Third, the parameters of the compensation components in the modified WPT system are optimally designed using an interval-based uncertain optimization method. Through this method, the WPT system can achieve good robustness performance to uncertain parameter variations. The system efficiency can remain nearly constant when the uncertain parameter (k, f , R L or X L ) varies over a wide range. The details of the interval-based uncertain optimization method are given in the next section.
Interval-Based Uncertain Optimization Model
In this paper, an interval-based uncertain optimization method is proposed to enhance the robustness of the modified WPT system. Based on the method, an interval is used to model the uncertainty of a parameter (including coupling coefficient k, operating frequency f , load resistance R L , and load reactance X L ). Thus, the WPT system can be analyzed and optimized based on the variation bounds of the uncertain parameters. There is no need to obtain the real-time information of the uncertain parameters.
Using the proposed method, the uncertainties of the parameters are described as:
where U represents the uncertain variable of the WPT system, I U represents the variation interval of U, I L U , and I R U are the upper and lower bounds of I U , respectively. The modified WPT system has two operating modes. Each mode is used to address a different variation range of the uncertain variable. Therefore, I U is divided into two subintervals.
where, I D U is the division point, I D U ∈ I U . The parameters of the compensation components in the Q-type impedance matching networks can be written as:
where X is the decision variable of the WPT system, I X is the design space of X, I L X , and I R X are the upper and lower bounds of I X , respectively.
By substituting the transmission parameters of the Q-type impedance matching networks (shown in Table 3 ) into Equation (13), the system efficiency of the modified WPT system can be obtained, which is the function of the uncertain variable U and the decision variable X.
For any X, when the uncertain variable varies within the intervals I U1 and I U2 , the possible system efficiencies are two intervals:
where i (i = 1, 2) is the variation interval of the system efficiency. F L i (X) and F R i (X) are the upper and the lower bounds of i , which can be calculated using the following equations:
To evaluate the performance of the modified WPT system, two objective functions are defined as follows:
F M (X, I D U ) and F V (X, I D U ) are the functions that depend on the decision variable X and the division point I D U . F M (X, I D U ) is called the mean function of the system efficiency. It can be used to evaluate the average performance of the modified WPT system. The lower F M (X, I D U ) is, the higher the average system efficiency is. F V (X, I D U ) is called the variance function of the system efficiency. It can be used to evaluate the robustness performance of the modified WPT system. The lower F V (X, I D U ) is, the less sensitive the system efficiency is to uncertain parameter variations.
For any two solutions, (X 1 , I D1 U ) and (X 2 ,
' are satisfied at the same time, it can be concluded that (X 1 , I D1 U ) is better than (X 2 , I D2 U ). Finally, the interval-based uncertain optimization model for the WPT system can be obtained.
Bi-Level Nested Optimization Algorithm
Equation (21) is a bi-level nested optimization problem, in which the inner optimization is to find the variation bounds of the system efficiency when the uncertain parameters vary, and the outer optimization is to find the optimal solutions for the modified WPT system. However, because there is a nested optimization process, it is difficult to find the optimal solution using traditional gradient-based optimization algorithms. In this paper, the particle swarm optimization (PSO) algorithm [33] is used to solve the inner optimization problem, and the nondominated sorting genetic algorithm-II (NSGA-II) [34] is used to solve the outer optimization problem. The proposed optimization process is shown in Figure 5 .
A numerical example of the modified WPT system is given in Table 4 . Using the bi-level nested optimization algorithm, the optimal solutions for the modified WPT system can be obtained.
For any two solutions,
F X I F X I 
' and ' 1 2 1 2 ( , )V D V D U U( , )
' are satisfied at the same time, it can be concluded that
Finally, the interval-based uncertain optimization model for the WPT system can be obtained.
Uncertain variable: , ( 1, 2)
Decision variables: ,
Bi-Level Nested Optimization Algorithm
A numerical example of the modified WPT system is given in Table 4 . Using the bi-level nested optimization algorithm, the optimal solutions for the modified WPT system can be obtained. 
Optimization Results
Equation (21) is a double-objective optimization problem. In multi-objective optimization, because the objective functions are usually in conflict with each other, the optimal results are a group of Pareto optimal solutions. The Pareto front is the image of the Pareto optimal solutions viewed in objective space, which can offer valuable tradeoff information between objective functions [35, 36] . Figure 6 shows the Pareto fronts of the modified WPT system, from which it can be seen that the mean function F M (X, I C ) and the variance function F V (X, I C ) are in conflict with each other. The WPT system cannot achieve the highest average system efficiency and the best robustness performance at the same time. There is a need to make tradeoffs between them. 
Pareto Fronts
Optimization Results
Equation (21) is a double-objective optimization problem. In multi-objective optimization, because the objective functions are usually in conflict with each other, the optimal results are a group of Pareto optimal solutions. The Pareto front is the image of the Pareto optimal solutions viewed in objective space, which can offer valuable tradeoff information between objective functions [35, 36] . Figure 6 shows the Pareto fronts of the modified WPT system, from which it can be seen that the mean function The WPT system cannot achieve the highest average system efficiency and the best robustness performance at the same time. There is a need to make tradeoffs between them. The Pareto fronts can offer tradeoff information between the mean function and the variance function. As shown in Figure 6 , the solutions within region-A have small mean function values and large variance function values. The modified WPT system will have high average system efficiency but poor robustness if these solutions are chosen. The solutions within region-B have large mean function values and small variance function values. The modified WPT system will have strong robustness but extremely low average system efficiency if these solutions are chosen. The solutions between region-A and region-B have medium average system efficiency and medium robustness. The decision should be made according to the practical application requirements.
Pareto Fronts
Tradeoff Solutions
Because the goal of this paper is to enhance the robustness of the modified WPT system to uncertain parameter variations, the decision is made by: (1) F V (X, I C ) ≤ 2 × 10 −3 ; (2) the lower F M (X, I C ) is, the better. Based on the rules, the tradeoff solutions can be found, which are marked with red asterisks in Figure 6 . Figure 7 shows the calculated system efficiencies (blue solid line) and matching factors (red dashed line) of the modified WPT system using the tradeoff solutions. It can be observed that the system efficiency of the modified WPT system only changes slightly when the coupling coefficient, the operating frequency, the load resistance or the load reactance varies over a wide range. It can be seen from Figure 7a -d that the average system efficiencies are 0.467, 0.484, 0.654, and 0.717, respectively. Therefore, the modified WPT system only achieves medium system efficiency. The Pareto fronts can offer tradeoff information between the mean function and the variance function. As shown in Figure 6 , the solutions within region-A have small mean function values and large variance function values. The modified WPT system will have high average system efficiency but poor robustness if these solutions are chosen. The solutions within region-B have large mean function values and small variance function values. The modified WPT system will have strong robustness but extremely low average system efficiency if these solutions are chosen. The solutions between region-A and region-B have medium average system efficiency and medium robustness. The decision should be made according to the practical application requirements.
Because the goal of this paper is to enhance the robustness of the modified WPT system to uncertain parameter variations, the decision is made by: (1) F X I is, the better. Based on the rules, the tradeoff solutions can be found, which are marked with red asterisks in Figure 6 . Figure 7 shows the calculated system efficiencies (blue solid line) and matching factors (red dashed line) of the modified WPT system using the tradeoff solutions. It can be observed that the system efficiency of the modified WPT system only changes slightly when the coupling coefficient, the operating frequency, the load resistance or the load reactance varies over a wide range. It can be seen from Figure 7a -d that the average system efficiencies are 0.467, 0.484, 0.654, and 0.717, respectively. Therefore, the modified WPT system only achieves medium system efficiency. The matching factors can be used to evaluate the impedance matching status of the modified WPT system. In Figure 7a -d, it can be observed that the matching factor 0 Z  during the The matching factors can be used to evaluate the impedance matching status of the modified WPT system. In Figure 7a -d, it can be observed that the matching factor Z = 0 during the variations of the coupling coefficient, the operating frequency, the load resistance, and the load reactance. Therefore, the modified WPT system using the tradeoff solutions does not achieve dual-side conjugated impedance matching.
Using the proposed method, the robustness of the modified WPT system to uncertain parameter variations can be significantly improved. However, the system efficiency does not reach the maximum value because the conjugated impedance matching condition 'Z = 0' is not satisfied.
Experimental Verifications
In this section, a modified WPT system was implemented, and experimental studies were carried out to verify the theoretical method. For comparison, a SS compensated WPT system was also implemented and measured.
Hardware Implementations
Modified WPT System
The modified WPT system is shown in Figure 8 . Two identical planar spiral coils, which were fabricated by Litz wires, were used as the power transmitter and receiver. The inner and outer diameters of the coils were 11 cm and 16.6 cm respectively. The number of turns of the coils was 10. An impedance analyzer was used to measure the electrical parameters of the coils. The measured inductance and resistance of the transmitter coil were 24.1 µH and 3.2 Ω, respectively. The measured inductance and resistance of the receiver coil were 21.8 µH and 4.5 Ω, respectively. For the convenience of implementation, the transmitter coil and the receiver coil were placed coaxially, and the longitudinal distance between the coils was adjusted to implement the coupling coefficient variation. The coupling coefficient could be varied from 0.15 to 0.55 by adjusting the longitudinal distance between the coils. This operation can be used to simulate other coil displacements which lead to the same coupling coefficient variation.
A power amplifier was used to input power to the transmitter coil. The operating frequency of the power amplifier could be adjusted from 1.5 to 2.5 MHz (Such a frequency range was chosen because the power processing circuits with this operating frequency range is commercially available and easy to implement [26] ). The output resistance of the power amplifier was 50 Ω. A load was used to consume the power received by the receiver coil. The load resistance could be adjusted from 50 Ω to 1050 Ω, and the load reactance could be adjusted from −300 Ω to 300 Ω. variations of the coupling coefficient, the operating frequency, the load resistance, and the load reactance. Therefore, the modified WPT system using the tradeoff solutions does not achieve dual-side conjugated impedance matching. Using the proposed method, the robustness of the modified WPT system to uncertain parameter variations can be significantly improved. However, the system efficiency does not reach the maximum value because the conjugated impedance matching condition ' = 0 Z ' is not satisfied.
Experimental Verifications
Hardware Implementations
Modified WPT System
The modified WPT system is shown in Figure 8 . Two identical planar spiral coils, which were fabricated by Litz wires, were used as the power transmitter and receiver. The inner and outer diameters of the coils were 11 cm and 16.6 cm respectively. The number of turns of the coils was 10. An impedance analyzer was used to measure the electrical parameters of the coils. The measured inductance and resistance of the transmitter coil were 24.1 μH and 3.2 Ω, respectively. The measured inductance and resistance of the receiver coil were 21.8 μH and 4.5 Ω, respectively. For the convenience of implementation, the transmitter coil and the receiver coil were placed coaxially, and the longitudinal distance between the coils was adjusted to implement the coupling coefficient variation. The coupling coefficient could be varied from 0.15 to 0.55 by adjusting the longitudinal distance between the coils. This operation can be used to simulate other coil displacements which lead to the same coupling coefficient variation.
A power amplifier was used to input power to the transmitter coil. The operating frequency of the power amplifier could be adjusted from 1.5 to 2.5 MHz (Such a frequency range was chosen because the power processing circuits with this operating frequency range is commercially available and easy to implement [26] ). The output resistance of the power amplifier was 50 Ω. A load was used to consume the power received by the receiver coil. The load resistance could be adjusted from 50 Ω to 1050 Ω, and the load reactance could be adjusted from −300 Ω to 300 Ω. In the modified WPT system, one Q-type impedance matching network was connected between the power amplifier and the transmitter coil, and the other Q-type impedance matching In the modified WPT system, one Q-type impedance matching network was connected between the power amplifier and the transmitter coil, and the other Q-type impedance matching network was connected between the load and the receiver coil. The parameters of the compensation components in the Q-type impedance matching networks were optimally designed using the proposed interval-based uncertain optimization method. The tradeoff solutions obtained are shown in Table 5 . For comparison purposes, a SS compensated WPT system (which is one of the most commonly used structures [29] [30] [31] ) was also implemented. As shown in Figure 9 , the power source, the transmitter coil, the receiver coil, and the load in the SS compensated WPT system were the same with those in the modified WPT system shown in Figure 8 .
The difference is that the SS compensated WPT system only includes two compensation capacitors (C T , C R ). In the experimental study, the resonance frequency of the SS compensated WPT system was adjusted to 2 MHz by setting C T = 265.3 pF and C R = 278.7 pF.
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Experimental Results
Based on Equation (13), the system efficiencies of the two kinds of WPT systems can be calculated theoretically. In the experimental study, two power meters (as shown in Figure 8 ) were used to measure the source output power and the load power, respectively. Then, the actual system efficiencies of the two kinds of WPT systems can be obtained. 
Based on Equation (13), the system efficiencies of the two kinds of WPT systems can be calculated theoretically. In the experimental study, two power meters (as shown in Figure 8 ) were used to measure the source output power and the load power, respectively. Then, the actual system efficiencies of the two kinds of WPT systems can be obtained.
When the coupling coefficient k, the operating frequency f , the load resistance R L or the load reactance X L varies, the system efficiencies of the two kinds of WPT systems are shown in Figure 10a -d, respectively. The purple dashed lines (S1-Cal.) and blue solid lines (S1-Exp.) represent the calculated and measured system efficiencies of the modified WPT system respectively. The green dotted lines (S2-Cal.) and red solid lines (S2-Exp.) represent the calculated and measured system efficiencies of the SS compensated WPT system respectively.
It can be observed that the calculated system efficiency curves and the measured system efficiency curves have the same variation trends. However, at some points, the measured values are much lower than the calculated ones. The possible reasons include: (1) The errors between the theoretical and actual capacitance/inductance of the compensation components lead to the decrease of the system efficiency; (2) In theoretical calculations, the compensation capacitors/inductors are assumed to be ideal energy-storage components without any energy losses. But in the experimental study, these compensation components will consume a small part of the total power in the forms of heat and result in the decrease of the system efficiency. When the coupling coefficient k , the operating frequency f , the load resistance L R or the load reactance L X varies, the system efficiencies of the two kinds of WPT systems are shown in Figure 10a -d, respectively. The purple dashed lines (S1-Cal.) and blue solid lines (S1-Exp.) represent the calculated and measured system efficiencies of the modified WPT system respectively. The green dotted lines (S2-Cal.) and red solid lines (S2-Exp.) represent the calculated and measured system efficiencies of the SS compensated WPT system respectively. It can be observed that the calculated system efficiency curves and the measured system efficiency curves have the same variation trends. However, at some points, the measured values are much lower than the calculated ones. The possible reasons include: (1) The errors between the theoretical and actual capacitance/inductance of the compensation components lead to the decrease of the system efficiency; (2) In theoretical calculations, the compensation capacitors/inductors are assumed to be ideal energy-storage components without any energy losses. But in the experimental study, these compensation components will consume a small part of the total power in the forms of heat and result in the decrease of the system efficiency. It can be observed from Figure 10a -d that the measured maximum system efficiency of the SS compensated WPT system are 0.832, 0.850, 0.832, and 0.832 respectively, and the measured minimum system efficiency of the SS compensated WPT system are 0.328, 0.021, 0.170, and 0.129 respectively. The measurement results show that the system efficiency of the SS compensated WPT system is very sensitive to the variation of the coupling coefficient, the operating frequency, the load resistance or the load reactance.
It can be observed from Figure 10a -d that the measured maximum system efficiency of the modified WPT system are 0.737, 0.486, 0.755, and 0.450 respectively, and the measured minimum It can be observed from Figure 10a -d that the measured maximum system efficiency of the SS compensated WPT system are 0.832, 0.850, 0.832, and 0.832 respectively, and the measured minimum system efficiency of the SS compensated WPT system are 0.328, 0.021, 0.170, and 0.129 respectively. The measurement results show that the system efficiency of the SS compensated WPT system is very sensitive to the variation of the coupling coefficient, the operating frequency, the load resistance or the load reactance.
It can be observed from Figure 10a -d that the measured maximum system efficiency of the modified WPT system are 0.737, 0.486, 0.755, and 0.450 respectively, and the measured minimum system efficiency of the modified WPT system are 0.592, 0.355, 0.576, and 0.274 respectively. The measurement results show that the system efficiency of the modified WPT system only changes slightly when the coupling coefficient, the operating frequency, the load resistance or the load reactance varies over a wide range.
The experimental results demonstrate that the modified WPT system has better robustness than the SS compensated WPT system. The SS compensated WPT system can achieve the maximum system efficiency at some points. Compared with the SS compensated WPT system, the modified WPT system can only achieve medium system efficiency.
Conclusions
In this paper, a modified WPT system structure and an interval-based uncertain optimization method are proposed to enhance the robustness of the WPT system to uncertain parameter variations. To verify the effectiveness of the proposed method, two kinds of WPT systems were implemented and measured. The main results of this paper can be summarized as follows:
1.
A modified WPT system structure is proposed in this paper. Two Q-type impedance matching networks are inserted in the transmitter circuit and the receiver circuit, respectively. By doing so, the modified WPT system can operate at two different modes. To address uncertain parameter variations, the modified WPT system can switch from one operating mode to the other mode, which is efficient and easy to implement.
2.
An interval-based uncertain optimization method is proposed to enhance the robustness of the modified WPT system. A double-objective uncertain optimization model for the modified WPT system is built, and a bi-level nested optimization algorithm is proposed to find robust solutions. Through this method, the modified WPT system can achieve good robustness performance when the coupling coefficient, the operating frequency, the load resistance or the load reactance varies over a wide range.
3.
Compared with active control methods, the proposed method in this paper only uses passive compensation networks (Q-type impedance matching networks). Therefore, the structure and control difficulty of the WPT system can be reduced. The size of the Q-type networks can be made small, which contributes to the miniaturization of the overall system. The proposed method is more suitable for some applications where high robustness performance, medium system efficiency, and a small system size are required.
